Introduction
============

Pancreatic ductal adenocarcinoma is still an unresolved therapeutic challenge with nearly similar incidence and mortality rates. It is the most lethal type of digestive cancer with an extremely poor prognosis with a 5-year survival rate of less than 5%. Pancreatic ductal adenocarcinoma represents the fourth commonest cause of cancer related deaths and its incidence is rising in most countries ([@b1-ijo-47-03-0857]). The only potentially curative therapy for pancreatic cancer is surgical resection. Unfortunately, only 20% of the patients have resectable cancers at the time of the diagnosis. Even among those patients who undergo resection, the 5-year survival rate is 10--25% ([@b2-ijo-47-03-0857],[@b3-ijo-47-03-0857]). Preclinical and epidemiologic studies suggest inflammation as a central mediator of the neoplastic process and a potential driver of pancreatic carcinogenesis ([@b4-ijo-47-03-0857],[@b5-ijo-47-03-0857]). Under-pinning this view, activation of the central signaling module of innate immunity, NF-κB has been linked to the progression of tumors ([@b6-ijo-47-03-0857],[@b7-ijo-47-03-0857]); in this line, tumor immunotherapies could involve strategies that block activation of innate immune responses. On the other hand, activation of innate immunity is achieved through stimulation of pattern recognition receptors (PRRs) ([@b8-ijo-47-03-0857]--[@b10-ijo-47-03-0857]). Amongst these, Toll-like receptors (TLRs) were the first group to be identified. TLRs can be activated by a panel of pathogen-associated molecular patterns (PAMPs) including cell-wall components like lipopolysaccharide (LPS) as well as by microbial DNA and RNA ([@b11-ijo-47-03-0857]). Additionally, damage-associated molecular patterns (DAMPs) which arise from inflammation and cellular injury and can stimulate TLRs and subsequently induce TLR signaling ([@b12-ijo-47-03-0857]). Recently, enhanced expression of TLRs has been described in a variety of different tumors ([@b13-ijo-47-03-0857]). TLRs with their ligands induces recruitment of the adapter molecule MyD88 (myeloid differentiation primary response protein 88), leading to activation of the NF-κB and MAPK-signaling pathways initiating the target products that prevent cell death by expressing anti-apoptotic proteins such as Bcl-2 and induce chronic inflammation by producing COX-2 (cyclooxygenase-2) ([@b13-ijo-47-03-0857],[@b14-ijo-47-03-0857]). COX-2 together with TLR expression plays a crucial role in transformation of normal cells to cancer cells and in angiogenesis, reduced apoptosis and immunosuppression of malignant tumors ([@b15-ijo-47-03-0857]). Our previous study indicated that endosomally expressed TLR7 and TLR8 are associated with tumor progression in colorectal cancer and reduced tumor-specific survival amongst patients with high TLR7 and TLR8 expression in colorectal cancer cells ([@b13-ijo-47-03-0857]). In addition, some research results suggest that enforcement of innate immunity by targeted TLR activation has beneficial effects to combat tumor growth, like TLR7 agonist imiquimod, licensed for therapy of basal cell carcinoma. Other synthetic TLR7 and TLR8 agonists such as resiquimod (R848) have been developed. R848 is a selective ligand for murine TLR7 and for TLR7 and TLR8 in humans ([@b16-ijo-47-03-0857],[@b17-ijo-47-03-0857]).

In the present study, we analyzed the expression of TLR7, TLR8, NF-κB and COX-2 in pancreatic cancer at different UICC stages and compared with chronic pancreatitis and healthy controls. To determine the functional role of TLR7 and TLR8 we generated TLR7 and TLR8 expressing human PANC1 cancer cells and analyzed the effects of TLR7/8 agonists (R848, resiquimod) in the inflammatory process on tumor cell proliferation and chemoresistance.

Materials and methods
=====================

Patients and human tissue
-------------------------

In a retrospective analysis, 48 out of 112 patients with a mean age of 69±5.2 years and histologically confirmed pancreatic cancer of the exocrine pancreas were evaluated in the present study. We examined only consecutive patients from which appropriate tumor material for further analysis (tumor border and tumor center) was available in a period from 06/2003 to 05/2005 in our Surgical Department approved by the local ethics committee. Patients were followed up in our Comprehensive Cancer Center (completeness index 0.96). The classification of pancreatic cancer was asserted in criterion of the Union Internationale Contre le Cancer (UICC) for determination of the tumor stage. Cancer specimens were instantly acquired in liquid nitrogen and stored at −80°C until analyzed. Tumors were evaluated for localization, tumor stage, and their differentiation grade in our Institute of Pathology.

In 69% (n=33/48) of the investigated cases, the tumor was detected in the head of the pancreas, in the remaining cases the cancer was diagnosed in the corpus or tail of the pancreas (19%, n=9/48) or in the head and corpus/tail (2%, n=1/48). We compared in a subanalysis tumor samples of UICC stage I/II (n=12) and UICC stage III/IV (n=12) patients with specimens from individuals operated on histologically confirmed chronic pancreatitis (n=8) and normal tissue of healthy controls (n=8). Paraffin sections (5 μm) were stained with haematoxylin and eosin (H&E) to assess morphology and eosinophilic areas. To determine eosinophilic areas suspicious for potential viral inclusion bodies as causative for TLR7 and TLR8 expression within the tumor we performed additional Phloxine-tartrazine staining.

Animals
-------

Female Balb/c nude mice were purchased from Harlan Laboratories (Rossdorf, Germany) and maintained under defined conditions in accordance with institutional guidelines from the University of Wuerzburg in Germany and the experiments were performed according to approved experimental protocols. For *in vivo* growth studies 2×10^6^ transduced PANC1 cells (TLR7^+^ PANC1, n=5; TLR8^+^ PANC1, n=5; empty vector PANC1, n=4) were injected subcutaneously into both flanks of recipient Balb/c nude mice. Mice were sacrificed (day 40) and the tumor volume was determined (V=π/6 × a × b × c, where a is the length, b is the width and c is the height).

Immunofluorescence and immunohistochemistry
-------------------------------------------

The TLR7 antibody was purchased from Imgenex Corp., (San Diego, CA, USA), the TLR8 antibody was provided by ProSci Inc. (Poway, CA, USA). COX-2 antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and CD34 antibody from Serotec (Duesseldorf, Germany). Isotype control antibodies were purchased by eBioscience (San Diego, CA, USA). Secondary antibodies were Cy3-conjugated AffiniPure Donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories Inc., Suffolk, UK) and Cy5-conjugated AffiniPure Donkey anti-mouse IgG. The staining was performed on serial cryostat sections of the snap-frozen specimens of pancreatic cancers (UICC II and III) with neighbouring normal pancreas (tumor border) and compared with sections from chronic pancreatitis and normal pancreas. For nuclear counterstaining slides were treated with DAPI (4′,6-Diamidino-2-phenylindoledihydrochlorid) (Sigma-Aldrich, Steinheim, Germany) or haemalaun (Sigma-Aldrich).

Western blot analysis
---------------------

Proteins were extracted from tissue samples (250 μg) using lysis buffer CytoBuster (Merck, Darmstadt, Germany) and QIAshredder (Qiagen, Hilden, Germany). Normal tissue (protein lysate) was purchased from BioChain Institute Inc. (Hayward, CA, USA). Protein samples (50 μg) were resolved by SDS-PAGE and then transferred to polyvinylidene difluoride (PVDF) membranes (Invitrogen, Carlsbad, CA, USA). Blots were probed with antibodies to TLR7 (ProSci), TLR8 (ProSci), β-actin (Santa Cruz Biotechnology) and COX-2 (Santa Cruz Biotechnology and Novus Biologicals LLC, Littleton, CO, USA). Anti-mouse IgG and anti-rabbit IgG secondary antibodies were obtained from Amersham (Braunschweig, Germany) and anti-goat IgG was purchased from Santa Cruz Biotechnology.

FACS analysis
-------------

Cells derived from normal pancreas, chronic pancreatitis and pancreatic cancer tissues were analyzed on a flow cytometer (Beckman Coulter, Krefeld, Germany) with a software package (Coulter, Epics XL-MCL, System II). TLR7 antibody was purchased from Imgenex, TLR8 was provided by ProSci. CD34-PE antibody, FITC-conjugated anti-rabbit secondary antibody and isotype control antibodies were purchased by Beckman Coulter. For intracellular staining we used IntraPrep kit (Beckman Coulter).

Cell culture
------------

The human pancreatic cancer cell line PANC1 was purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA) cultured in Dulbecco\'s modified Eagle\'s medium with 10% fetal bovine serum, 1% G418 and 1% penicillin/streptomycin and incubated in 5% CO~2~ at 37°C.

In contrast to tumor tissues from patients with pancreatic cancer or from patients with pancreatitis tumor cell lines express only very low levels of TLR7 and TLR8. For further studies it was necessary to overexpress both receptors in those cells. We chose PANC1, the most common established pancreatic cell line. The lentiviral transduction of TLR7 and TLR8 PANC1 cells was performed by Sirion Biotech GmbH (Martinsried, Germany). Cells were then subjected to antibiotic selection of G418-resistant cells.

Quantitative real-time RT-PCR
-----------------------------

Gene expression for TLR7 and TLR8 in pancreatic cancer was determined using quantitative real-time PCR (RT-qPCR). Human pancreatic matched cDNA for comparison was purchased from Pharmingen (Heidelberg, Germany) and used as control. Gene expression analyzed in pancreatic cancers was compared with normal tissue of healthy controls (n=8), chronic pancreatitis (n=8). Total cellular RNA was extracted using RNeasy Mini kit (Qiagen) according to the manufacturer\'s instructions. Complementary DNA (cDNA) was performed using the ImProm-II reverse transcriptase system (Promega, Mannheim, Germany) and Eppendorf Mastercycler (Eppendorf, Hamburg, Germany). TLR7 and TLR8 specific primer sets from Qiagen were used. Housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used for relative quantification. PCR reactions were carried out with a DNA Engine Opticon 2 System (MJ Research; Biozym, Oldendorf, Germany).

For the experiments performed with the human pancreatic cancer cell line PANC1 gene quantification was performed with TaqMan Gene Expression Master Mix (Life Technologies, Carlsbad, CA, USA) and TaqMan Gene Expression Assays (Life Technologies) according to the manufacturer\'s instructions. Housekeeping genes β-actin, GAPDH, GUSB and HPRT1 were used for relative quantification. For analysis of PANC1 cells all PCR reactions were carried out with a Bio-Rad CFX96 Touch Real-Time PCR detection system.

Reproducibility was confirmed by three independent PCR runs. The relative quantification value, fold difference, is expressed as 2^−ΔΔCq^.

Determination of the median lethal dose (LD~50~) for 5-fluorouracil
-------------------------------------------------------------------

Empty vector PANC1 cells were cultured at a concentration of 5×10^3^ cells/well in 96-well plates. The cells were incubated for 48 h with 5-fluorouracil (5-FU, working concentration, 10--10,000 μmol/l; Medac, Wedel, Germany). After medium change and further 24 h at 37°C in 5% CO~2~ CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega) was performed according to the manufacturer\'s instructions. The median lethal dose LD~50~ was defined as amount of drug resulting in 50% killing within 2 days.

Proliferation and resistance to chemotherapy assay
--------------------------------------------------

To investigate the effect of stimulation with R848 on tumor cell proliferation 2×10^6^ PANC1 cells were seeded in cell culture flasks, pre-incubated for 24 h following daily stimulation with 10 μg/ml R848 (InvivoGen, San Diego, CA, USA) for 3 days. Afterwards cells were detached and seeded 6,000 cells/well in 96-well plates. After additional incubation time of 24 and 72 h cell proliferation assay was performed as described above.

Then, we analyzed the effect of previous stimulation with R848 on the chemosensitivity of transduced PANC1 cells. Four thousand cells/well were seeded in 96-well plates, pre-incubated for 48 h and then treated with R848 (10 μg/ml). After an additional incubation of 48 h cells were treated with 500 μmol/l 5-FU and after another 48-h proliferation assay was performed as described above.

Statistical analysis
--------------------

Results were expressed as mean ± SEM in groups of patients with normal pancreatic tissue, chronic pancreatitis and pancreatic cancer. Comparisons were performed by ANOVA or paired and unpaired t-test when appropriate. Bonferroni\'s correction for multiple comparisons was used to determine the level of significance; P\<0.05 was considered significant.

Results
=======

TLR7 and TLR8 are expressed in pancreatic cancer
------------------------------------------------

TLR7 and TLR8 expression in pancreatic cancer, chronic pancreatitis, and normal pancreatic tissue was analyzed by immunohistochemistry in pancreatic tissue from patients with pancreatic cancer (UICC II and UICC III, n=48), chronic pancreatitis (n=8) and in normal pancreas (n=8). In general, TLR7 expression of pancreatic cells in all analyzed subjects with pancreatic cancer and with chronic pancreatitis was more intense than TLR8. [Fig. 1A](#f1-ijo-47-03-0857){ref-type="fig"} shows examples of positive TLR7 and TLR8 tumor cell expression in pancreatic cancer of different stages and chronic pancreatitis. In contrast, no or only occasionally low TLR7 or TLR8 expression was detected in normal pancreatic cells ([Fig. 1A](#f1-ijo-47-03-0857){ref-type="fig"}), an observation that we believe to be novel. Quantification of TLR expressing cells also demonstrated strong expression of TLR7 or TLR8 in pancreatic cells from patients with chronic pancreatitis and pancreatic cancer, compared to no, or occasionally low expression in normal pancreatic tissue ([Fig. 1B](#f1-ijo-47-03-0857){ref-type="fig"}). Notably, similar results were also observed by western blot analysis and gene analysis of the tumor tissues. Significant TLR7 and TLR8 protein and gene expression was observed in tissues from patients with pancreatic cancer (UICC III) compared with normal pancreatic tissue ([Fig. 1C and D](#f1-ijo-47-03-0857){ref-type="fig"}, respectively). These observations indicated inflammation within the tumor, which could be mediated not only through infiltrating inflammatory cells but also through TLR7 and TLR8 expression of pancreatic cancer cells.

Furthermore, we analyzed TLR7 and TLR8 in dissociated cells derived from the same patient tissues together with CD34, a marker for endothelial cells and known to be expressed by cancer cells with neoangiogenetic potential, by FACS and immunohistochemical analysis (cytospins). Indeed TLR7, TLR8 and CD34 were positively expressed in pancreatic cancer and pancreatic cells from chronic pancreatitis cells ([Figs. 2B and C](#f2-ijo-47-03-0857){ref-type="fig"} and [3A](#f3-ijo-47-03-0857){ref-type="fig"}), but not or at very low levels in normal pancreatic cells ([Figs. 2A](#f2-ijo-47-03-0857){ref-type="fig"} and [3A](#f3-ijo-47-03-0857){ref-type="fig"}). Comparison of the cellular co-localization of TLR7 or TLR8 with CD34 analyzed by immunofluorescence double staining revealed increased coexpression of TLR7 or TLR8 with CD34 in tumor cells ([Fig. 3B](#f3-ijo-47-03-0857){ref-type="fig"}), indicating that those cells were indeed cancer cells expressing the angiogenic surface molecule.

COX-2 is expressed in pancreatic cancer cells
---------------------------------------------

To analyze whether inflammation in pancreatic cancer was associated with TLR7 and TLR8 expressing cancer cells, we dissected the expression of COX-2 in the pancreatic tumor cells by immunohistochemical staining and western blot analysis. Increased COX-2 expression together with TLR7 and TLR8 positivity in pancreatic cancer cells was detected ([Fig. 4A](#f4-ijo-47-03-0857){ref-type="fig"}, top and below right, and B, respectively). No positivity was observed in normal pancreatic cells ([Fig. 4A](#f4-ijo-47-03-0857){ref-type="fig"}, top and below left, and B, respectively). These data demonstrate inflammation in pancreatic cancer in association with TLR7 and TLR8 expressing cancer cells.

TLR7 and TLR8 are expressed by human pancreatic cancer cell lines
-----------------------------------------------------------------

We characterized the expression of TLR7 and TLR8 in several purchased human pancreatic cancer cell lines. In contrast to tumor cells derived from our patients with pancreatic cancer, acquired tumor cell lines expressed only very low levels of TLR7 and TLR8. This may be due to artificial, non-inflammatory culture conditions of the cell lines. Therefore, for further *in vitro* studies both receptors were successfully transduced in the most common pancreatic cell line, PANC1, using a Lentivirus-mediated stable gene expression as described in Materials and methods. As controls, PANC1 cells transduced with empty vector construct as well as peripheral blood mono-nuclear cells (PBMCs), were used. Indeed, increased gene expression of TLR7 and TLR8 was observed in the transduced PANC1 cells (TLR7^+^ and TLR8^+^ PANC1 cells) by qRT-PCR and following agarose gel electrophoresis ([Fig. 5A and B](#f5-ijo-47-03-0857){ref-type="fig"}). In [Fig. 5C](#f5-ijo-47-03-0857){ref-type="fig"} successful protein expression of TLR7 or TLR8 by transduced PANC1 cells was demonstrated by western blot analysis.

TLR7 and TLR8 expression increases tumor growth in Balb/c nude mice
-------------------------------------------------------------------

Tumor xenograft growth of TLR7 and TLR8 transduced human PANC1 cancer cells in Balb/c nude mice was examined. Tumor growth *in vivo* was found to be enhanced when compared to controls with empty vector PANC1 cells ([Fig. 6A](#f6-ijo-47-03-0857){ref-type="fig"}; TLR7^+^ and TLR8^+^, each n=5 vs. empty vector, n=4). Determination of the tumor growth showed a significant increase in tumor volume of TLR7^+^ PANC1 pancreatic tumors in contrast to empty vector PANC1 tumors ([Fig. 6B](#f6-ijo-47-03-0857){ref-type="fig"}; P\<0.005).

TLR7 and TLR8 expression and stimulation induces proliferation of PANC1 cells
-----------------------------------------------------------------------------

The promoting effect of TLR7 and TLR8 expression on PANC1 cancer cell proliferation was analyzed using MTS proliferation assays. Untreated TLR7^+^ and TLR8^+^ PANC1 cells showed significantly increased tumor cell proliferation when compared to controls at 72 h after seeding ([Fig. 6C](#f6-ijo-47-03-0857){ref-type="fig"}; TLR7, 181% and TLR8, 182% vs. empty vector, 153%; P\<0.002 and P\<0.005).

We examined whether TLR7 and TLR8 stimulation with the agonist R848 further increases proliferation of TLR7^+^ and TLR8^+^ PANC1 cancer cells. Stimulation with the TLR7/TLR8 ligand R848 induced a relative increase in proliferation in TLR7^+^ and TLR8^+^ in PANC1 cancer cells compared to empty vector treated PANC1 cells ([Fig. 6C](#f6-ijo-47-03-0857){ref-type="fig"}; TLR7^+^, 206% and TLR8, 251% vs. empty vector, 170%; P\<0.02 and P\<0.0001). Gene expression of the proliferation marker Ki-67 in R848 treated TLR7^+^ and TLR8^+^ PANC1 cancer cells confirmed these proliferative effects. ([Fig. 6D](#f6-ijo-47-03-0857){ref-type="fig"}; P\<0.0001 and P\<0.0005).

TLR7 or TLR8 stimulation of human PANC1 cells induces gene expression of NF-κB and COX-2
----------------------------------------------------------------------------------------

To determine whether TLR7 and TLR8 stimulation activates intracellular signaling pathways and the synthesis of proinflammatory cytokines, we analyzed gene expression levels of NF-κB and COX-2 in response to stimulation of TLR7^+^ and TLR8^+^ PANC1 cells with R848. Stimulation with R848 for 6 h induced an \~4-fold increase in gene expression levels of NF-κB in TLR7^+^ and TLR8^+^ PANC1 cancer cells compared with untreated cells ([Fig. 7A and B](#f7-ijo-47-03-0857){ref-type="fig"}; P\<0.0001). Seventy-two hours after stimulation with R848 NF-κB expression returned to background levels in both TLR7^+^ and TLR8^+^ PANC1 cancer cells. Additionally, stimulation with R848 induced an \~60-fold increased gene expression of COX-2 in TLR7^+^ PANC1 cancer cells (12 h after stimulation, [Fig. 7C](#f7-ijo-47-03-0857){ref-type="fig"}) and an \~34-fold increased level in TLR8^+^ PANC1 cells (24 h after stimulation, [Fig. 7D](#f7-ijo-47-03-0857){ref-type="fig"}) compared with untreated cells ([Fig. 7C and D](#f7-ijo-47-03-0857){ref-type="fig"}; P\<0.005 and 0.0001). Even 72 h post-stimulation COX-2 expression levels remained significantly elevated in stimulated TLR7^+^ and TLR8^+^ cancer cells in comparison to untreated cancer cells.

TLR7 or TLR8 stimulation induces chemoresistance in PANC1 cells
---------------------------------------------------------------

To analyze the influence on chemoresistance in R848 stimulated and non-stimulated TLR7^+^ and TLR8^+^ PANC1 cancer cells 5-fluorouracil was used. 5-FU is amongst other chemotherapeutics used as treatment for pancreatic cancer ([@b18-ijo-47-03-0857]) and thus herein used as representative chemotherapeutic agent. We first determined the LD~50~ concentration for 5-FU (500 μmol/l) using non-stimulated empty vector PANC1 cells in MTS assays ([Fig. 8A](#f8-ijo-47-03-0857){ref-type="fig"}).

To investigate the effects of induced TLR7 and TLR8 expression in PANC1 cancer cells on chemosensitivity transduced tumor cells were treated with two different concentrations of 5-FU (100 and 1000 μmol/l) as approximated concentrations for LD~50~. For both concentrations increased cell viability of TLR7^+^ and TLR8^+^ PANC1 cancer cells was demonstrated when compared to empty vector PANC1 cells, pointing to an increased chemoresistance in the cells. At a concentration of 100 μmol/l of 5-FU relative cell viability of TLR7^+^ and TLR8^+^ PANC1 tumor cells was less reduced when compared with empty vector PANC1 tumor cells ([Fig. 8B](#f8-ijo-47-03-0857){ref-type="fig"}; 62 and 73% vs. 58% for empty vector cells; P\<0.05 and P\<0.0001). This effect was confirmed at a concentration of 1000 μmol/l of 5-FU (TLR7^+^ and TLR8^+^ cells, 49 and 56% vs. 46% in empty vector cells ([Fig. 8B](#f8-ijo-47-03-0857){ref-type="fig"}; P\<0.05 and P\<0.0001).

Stimulation of TLR7^+^ and TLR8^+^ PANC1 cancer cells for 48 h with the agonist R848 prior to treatment with 500 μmol/l of 5-FU (LD~50~ for empty vector PANC1 cells) increased cell viability of TLR7^+^ and TLR8^+^ cells in contrast to empty vector PANC1 cells ([Fig. 8C](#f8-ijo-47-03-0857){ref-type="fig"}; TLR7^+^, 75% and TLR8^+^, 81% vs. empty vector PANC1 cells, 52%; both P\<0.0001).

Discussion
==========

We previously reported that TLR7 and TLR8 expression is upregulated in tumor cells of patients with colorectal cancer. Interestingly, this expression was related to cancer cells but rarely detected in stromal-tumor-infiltrating leukocytes. Moreover, our results indicated that both TLR7 and TLR8 expression is associated with tumor progression in patients with colorectal cancer and reduced tumor-specific survival among patients with high TLR7 and TLR8 expression in their cancer cells ([@b13-ijo-47-03-0857]).

In the present study, we demonstrated that TLR7 and TLR8 expression are highly expressed by primary human ductal pancreatic cancer. We showed that stimulation of both receptors TLR7 and TLR8 in pancreatic cancer cells results in increased tumor cell proliferation and reduced chemosensitivity.

To analyze the impact of the intracellular TLR7 and TLR8 expression in mediating inflammation in pancreatic cancer cells we first examined in the present study their expression in human tissues from primary pancreatic cancers. We observed that tumor cells in pancreatic cancer strongly expressed stage-dependent TLR7 and TLR8. This was intensified when compared to pancreatic cells in chronic pancreatitis. Whether intracellular TLR7 and TLR8 expression, known to be associated with single stranded RNA (virus) infection in this context may be associated with recognition of pathogenic viruses in the investigated human pancreatic cancers remains speculative. In our investigated human pancreatic cancers we did not find any evidence from medical records or from virus genome analysis. These data suggest that inflammation within the tumor tissues could be mediated through TLR7 and TLR8 expressing pancreatic cancer cells. Thus, intracellular TLR7 and TLR8 signaling pathways in TLR7^+^ and TLR8^+^ expressing pancreatic cancer cells may have the potential to sustain cancer progression. CD34 is a known marker for endothelial cells and is expressed by cancer cells with neoangiogenetic potential. Cell morphology of cancer cells and positive staining for CD34 indicated that cells expressing TLR7 and TLR8 were indeed cancer cells.

Invasion and angiogenesis of gastric cancer cells was described to be mediated by cyclooxygenase-2 (COX-2) after TLR2 and TLR9 activation, leading to inflammation and cancer progression ([@b19-ijo-47-03-0857]). Moreover, increased COX-2 expression in human pancreatic carcinomas supports the suggestion that these tumors share common features of chronic inflammatory processes in parallel to all essential features of carcinogenesis (mutagenesis, mitogenesis, angiogenesis, reduced apoptosis, metastasis and immunosuppression). All these events are linked to COX-2-driven prostaglandin (PGE-2) biosynthesis ([@b20-ijo-47-03-0857]--[@b22-ijo-47-03-0857]). TLR8 signaling was recently described to strongly promote inflammatory lipid mediator biosynthesis PGE2 and thromboxane A2 (TXA2) through the COX-2 pathway. These data provide novel insights into the innate immune response to viral infections and raise the possibility that the immune response to single-stranded RNA viruses via the TLR8 pathway may implicate the lipid mediators of inflammation ([@b23-ijo-47-03-0857]).

Notably, COX-2 expression was indeed upregulated in our investigated patient tumors and was associated with TLR7 and TLR8 positivity in specimens of pancreatic cancer and after stimulation of human PANC1 cancer cells. These data clearly indicate that inflammation in pancreatic cancer is associated stage-dependently with upregulated TLR7 and TLR8 expression in the cancer cells. Moreover, TLR7 and TLR8 stimulation in human PANC1 cancer cells led to the release of inflammatory mediators, mainly through the activation of the NF-κB pathway. It is known, that pancreatic carcinogenesis is attributed to the deregulated expression of many signaling elements, such as NF-κB. This signaling pathway leads to activation of mitotic and survival pathways (Bcl-2, bcl-XL), as it was described for EGF-EGFR signaling ([@b24-ijo-47-03-0857]). In our so far unpublished preliminary data studying inflammatory cells and tumor cells within the tumor microenvironment in pancreatic cancer resulted from SABiosciences RT2 pathway array analysis, we observed strong regulation of several genes. This includes Bcl-2 in PANC1 pancreatic cancer cells stimulated with an agonist for TLR7 and TLR8. We also found in response to TLR7 and TLR8 stimulation an upregulation of several genes involved in angiogenesis as well as proinflammatory cytokines such as IL-8 and IL-12. Further studies are needed to confirm these first data.

Chemotherapy is a conventional regimen for unresectable cases of pancreatic cancer. However, treatment with chemotherapy drugs, like 5-FU or gemcitabine, merely results in a median survival of 5.65 months and 1-year survival rate of 18% ([@b25-ijo-47-03-0857]). The main reason for chemotherapy failure lies in the intrinsic and acquired chemoresistance of pancreatic cancer cells ([@b26-ijo-47-03-0857]). Recent data pointed to the role of the Notch-2 receptor in the increasing of chemoresistance in the pancreatic cancer ([@b27-ijo-47-03-0857]). TLR7 and TLR8 seems to stimulate the expression of Notch-2 receptor ([@b28-ijo-47-03-0857]). It seems that there is a link between TLR7 and TLR8 expression and the activation of Notch. Notably, stimulation of TLR7 and TLR8 in the present study also resulted in a more robust chemoresistance in PANC1 cancer cells against 5-fluorouracil. Further studies must be performed to confirm our hypothesis.

To date, several agonists have been characterized as TLR7 and/or TLR8 ligands. Resiquimod (R848) exerts its immunostimulatory activities via activation of mouse TLR7 and human TLR7 and TLR8 ([@b29-ijo-47-03-0857],[@b30-ijo-47-03-0857]). The agonist R848 has now also been tested as an immune response modifier in preclinical models and in clinical trials ([@b31-ijo-47-03-0857],[@b32-ijo-47-03-0857]). It has been shown that TLR agonists can promote cancer cell survival and migration and tumor progression. For example, TLR agonists have been shown to increase tumor viability and metastasis of human lung cancer cells ([@b10-ijo-47-03-0857]), proliferation in human myeloma cells (TLR3) ([@b33-ijo-47-03-0857]), adhesion and metastasis in human colorectal cancer cells (TLR4) ([@b34-ijo-47-03-0857]), and migration in human gliobastoma (TLR4) or human breast cancer cells (TLR2) ([@b35-ijo-47-03-0857]). We hypothesized that these contradictory results are due to the complex nature of the tumor microenvironment. Interestingly, in the present study in pancreatic cancer we observed that TLR7 or TLR8 stimulation increased tumor cell survival and resistance to the chemotherapeutic substance 5-fluorouracil. Further studies are necessary to dissect which cells and pathways are involved in these effects.

We conclude that inflammation-mediated progression, tumor survival, metastatic potential and mediation of chemoresistance are closely associated with TLR7 and TLR8 expressing pancreatic cancer cells. Therefore, targeting of TLR signaling might be a potential mechanism to reduce chemoresistance, tumor surveillance and COX-2 induced carcinogenesis. However, the direct effects of immune response modifiers on tumor cells include induction of apoptosis and sensitization to killing mediated by chemotherapeutic agents. On the other hand, TLR activation can be advantageous for the proliferation, invasiveness, and/or survival of tumor cells. These effects of TLR7 and TLR8 agonists on tumor cells depend on the tumor cell type, and need to be carefully taken into account in preclinical studies.

We thank Mrs. Sabine Mueller-Morath, Mrs. Nadine Gutermuth and Mrs. Mariola Dragan for their excellent technical assistance as well as Mrs. Ingrid Strauss and Mrs. Dipl.-Ueb. Ulrike Faber. The present study was support by the Deutsche Bundesstiftung Umwelt grant (no. DBU 16011) for Scientific Research, Germany.
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![Detection of TLR7 and TLR8 expression in pancreatic cancer, chronic pancreatitis and normal pancreatic tissue. (A) In immunohistochemical staining, strong expression (UICC II) and very strong expression of TLR7 and TLR8 (UICC III) was observed in pancreatic cancer. Increased expression of TLR7 and TLR8 was detected in chronic pancreatitis. No or occasionally low expression in normal pancreas was observed. DAB (3,3′-diaminobenzidine) brown color, Haemalaun blue color for nuclear counterstaining. Original magnification, ×100 and ×200. (B) Immunohistochemical expression of TLR7 and TLR8 in normal pancreatic tissue, chronic pancreatitis, pancreatic cancer from UICC II and UICC III patients. All error bars of immunohistochemical results represent standard error of the mean. (C) Significant gene expression of TLR7 and TLR8 in advanced tumor stages (UICC III, ^\*\*^P\<0.001). Increased gene expression of TLR7 and TLR8 in low tumor stages (UICC II) and chronic pancreatitis. Normal pancreatic tissue was standardized to baseline. The relative gene expression is expressed as 2^−ΔΔCq^. (D) Confirmation of increased TLR7 and TLR8 protein expression in pancreatic cancer (UICC III) compared to normal pancreatic tissue by western blot analysis. β-actin probe was used as a control for protein loading.](IJO-47-03-0857-g00){#f1-ijo-47-03-0857}

![Detection of TLR7 and TLR8 expression in dissociated pancreatic cancer cells, chronic pancreatitis and normal pancreatic cells by FACS analysis. (A) In normal pancreatic cells no positivity for TLR7 and CD34 was shown. Little expression of TLR8 was observed. (B) Cells derived from chronic pancreatitis showed increased expression of TLR7 and TLR8 but not of CD34. (C) In pancreatic cancer cells (UICC III) elevated expression levels of TLR7, TLR8 and CD34 were demonstrated. TLR7 blue line, TLR8 red line, CD34 purple line and IgG control black line. One representative experiment of three.](IJO-47-03-0857-g01){#f2-ijo-47-03-0857}

![Immunohistochemical detection of TLR7 and TLR8 on cytospin samples of dissociated pancreatic cancer cells. (A) Increased expression of TLR7, TLR8 and CD34 was detected (arrows) in pancreatic cancer cells (UICC III). Elevated levels of TLR7 and TLR8 were also found in pancreatic cells from chronic pancreatitis while CD34 was not or sporadic detectable (arrows). No positivity of TLR7 and CD34 was detected in normal pancreatic cells, little expression of TLR8 was observed (arrow). DAB (3,3′-diaminobenzidine) brown color, Haemalaun blue color for nuclear counterstaining. (B) Immunofluorescence double staining in pancreatic cancer cells (UICC III, cytospins) showed increased coexpression (merge) of CD34 (FITC green and DAPI blue for nuclear counterstaining) with TLR7 (Cy3 red and DAPI blue for nuclear counterstaining) and TLR8 (Cy3 red and DAPI blue for nuclear counterstaining) (arrows). FITC, fluorescein isothiocyanate; DAPI, 4′,6-Diamidino-2-phenylindoledihydrochloride.](IJO-47-03-0857-g02){#f3-ijo-47-03-0857}

![Detection of COX-2 expression in pancreatic cancer and normal pancreatic tissue. (A) Increased COX-2 expression in pancreatic cancer compared to normal tissue was detected in immunohistochemical staining (arrows). DAB (3,3′-diaminobenzidine) brown color, Haemalaun blue color for nuclear counterstaining. (B) Confirmation of increased COX-2 expression in pancreatic cancer (UICC III) compared to normal tissue by western blot analysis. β-actin probe was used as a control for protein loading.](IJO-47-03-0857-g03){#f4-ijo-47-03-0857}

![Depiction of the successful transduction of TLR7 and TLR8 in PANC 1 cells. (A) Increased gene expression of TLR7 and TLR8 was detected in TLR7^+^ and TLR8^+^ PANC1 cells by RT-qPCR compared to empty vector PANC1 cells. Empty vector PANC1 cells were standardized to baseline. The relative gene expression is expressed as 2^−ΔΔCq^; ^\*^P\<0.0001, ^\*\*^P\<0.005. (B) Agarose gel electrophoresis of RT-qPCR products. PANC1 cells transduced with empty vector and peripheral blood mononuclear cells (PBMCs) were used as controls. β-actin probe was used as internal control for RT-qPCR. (C) Confirmation of increased TLR7 and TLR8 protein expression in transduced PANC1 cells by western blot analysis. PANC1 cells transduced with empty vector were used as controls. β-actin probe was used as a control for protein loading.](IJO-47-03-0857-g04){#f5-ijo-47-03-0857}

![Expression and stimulation of TLR7 and TLR8 causes increased proliferation in TLR7^+^ and TLR8^+^ PANC1 cells. (A) Increased tumor size in subcutaneously injected Balb/c nude mice triggered by TLR7^+^ (n=5) and TLR8^+^ (n=5) PANC1 cells compared to empty vector PANC1 cells (n=4). (B) Significant increase in tumor volume caused by TLR7^+^ PANC1 cells in Balb/c nude mice compared to empty vector cells (^\*\*^P\<0.005). (C) Significantly accelerated proliferation of TLR7^+^ and TLR8^+^ PANC1 cells without (^\*\*^P\<0.002 and ^\*\*^P\<0.005) and with R848 stimulation (^\*\*\*^P\<0.02 and ^\*^P\<0.0001) compared to empty vector PANC1 cells analyzed by MTS assay. (D) Increased gene expression of Ki-67 in R848 stimulated TLR7^+^ and TLR8^+^ PANC1 (^\*^P\<0.0001 and ^\*\*^P\<0.0005) cells compared to empty vector PANC1 cells. Data of three independent experiments are shown with standard deviation. Untreated PANC1 cells were standardized to baseline. The relative gene expression is expressed as 2^−ΔΔCq^.](IJO-47-03-0857-g05){#f6-ijo-47-03-0857}

![NF-κB and COX-2 gene expression in response to R848 stimulation of TLR7^+^ and TLR8^+^ PANC1 cells. (A and B) Stimulation of TLR7^+^ and TLR8^+^ PANC1 cells with R848 resulted in significantly increased gene expression levels of NF-κB (^\*^P\<0.0001) 6 h post stimulation. (C and D) Significantly escalated COX-2 gene expression levels 6--72 h after stimulation with maximum expression for TLR7^+^ PANC1 cells at 12 h (^\*\*^P\<0.005, ^\*\*\*^P\<0.05) and for TLR8^+^ PANC1 cells at 24 h (^\*^P\<0.0001, ^\*\*^P\<0.005, ^\*\*\*^P\<0.05). Data of three independent experiments are shown with standard deviation. Untreated PANC1 cells were standardized to baseline. The relative gene expression is expressed as 2^−ΔΔCq^.](IJO-47-03-0857-g06){#f7-ijo-47-03-0857}

![Effect of 5-fluorouracil on TLR7^+^ and TLR8^+^ PANC1 cells. (A) LD~50~ concentration of 5-fluorouracil (5-FU) for empty vector PANC1 cells was found at a concentration of 500 μmol/l by MTS assay. (B) Decreased sensitivity of TLR7^+^ PANC1 cells (^\*\*\*^P\<0.05) and TLR8^+^ PANC1 cells (^\*^P\<0.0001) to different concentrations of 5-FU compared to empty vector PANC1 cells analyzed by MTS assay. Untreated PANC1 cells were standardized to baseline. (C) Significantly reduced chemosensitivity of R848 and 5-FU (500 μmol/l) treated TLR7^+^ PANC1 cells and TLR8^+^ PANC1 cells compared to empty vector PANC1 cells (^\*^P\<0.0001) found by MTS assay. Untreated PANC1 cells were standardized to baseline.](IJO-47-03-0857-g07){#f8-ijo-47-03-0857}
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